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1.1. Introduction

The idea that regiona cerebral blood flow (CBF) could reflect neuronal activity began
with experiments of Roy and Sherrington at 1890 ®. This concept is the basis for all
hemodynamic-based brain imaging techniques being used today. The focal increase in CBF can
be considered to directly relate to neuronal activity because the glucose metabolism and CBF
changes are closely coupled 2.  Thus, the measurement of CBF change induced by stimulation
has been used for mapping brain functions. Because cerebral metabolic rate of glucose
(CMRglu) and CBF changes are coupled, it is assumed that cerebral metabolic rate of oxygen
(CMRO;) and CBF changes are also coupled. However, Fox and colleagues reported, based on
positron emission tomographic measurements of CBF and CMRO, in humans during
somatosensory and visual stimulation * 4, that an increase in CBF increase surpassed an increase
in CMRO,.  Consequently, a mismatch between CBF and CMRO, changes results in an
increase in the capillary and venous oxygenation level, opening a new physiological parameter
(in addition to CBF change) for brain mapping. In 1990, based on rat brain studies during
global stimulation at 7T, Ogawa and colleagues at AT&T Bell Laboratories reported that
functional brain mapping is possible by using the venous blood oxygenation |level-dependent

5-7

(BOLD) magnetic resonance imaging (MRI) contrast ®‘. The BOLD contrast relies on changes

in deoxyhemoglobin (dHb), which acts as an endogenous paramagnetic contrast agent ° 8
Therefore, changes in the local dHb concentration in the brain lead to alterations in the signal

intensity of magnetic resonance images (MRI) >+ °.
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Application of the BOLD contrast to human functional brain mapping followed shortly %
12 Since then, functional magnetic resonance imaging (fMRI) has been the tool of choice for
visualizing neural activity in the human bran. The fMRI has been extensively used for
investigating various brain functions including vision, motor, language and cognition. The
BOLD imaging technique is widely used because of its high sensitivity and easy implementation.
Since the BOLD signal is dependent on various anatomical, physiological, and imaging
parameters 13, its interpretation with respect to physiological parameters is qualitative or semi-
quantitative. Thus, it is difficult to compare the BOLD signa changes in different brain regions,
from the different imaging laboratories, and/or from different magnetic fields. Alternatively,
change in CBF can be measured using MRI. Since these fMRI signals are related to a single

physiologica parameter, its quantitative interpretation is more straightforward.

Functiona MRI is a very powerful method to map brain functions with relatively high
gpatial and temporal resolution. In order to utilize fMRI techniques efficiently and interpret
fMRI data accurately, it is important to examine underlying physiology and physics. In this
book chapter, we will discuss the signal source of the BOLD signal and improvement of BOLD

fMRI techniques.

1.2. Physiological Changes

Since fMRI measures the vascular hemodynamic response induced by increased neural
activity, it is important to understand a chain of events from task to fMRI (see Fig. 1). Task
and/or stimulation induce synaptic and electric activities at localized regions, which will trigger

an increase in CBF, cerebral blood volume (CBV), CMRo2, and CMRy,.  Although the exact
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relationship between neural activity and vascular physiology change is not known, it is well-
accepted that the change in CMRy, is a good indicator of neura activity. Since the CMRglu
change is linearly correlated with the CBF change, a change in CBF is an dlternative, good

secondary indicator of neurd activity.

CBF and CBV changes are inter-correlated since change in CBF is a multiple of CBV and
velocity changes. The relationship between CBF and CBV obtained in monkeys during CO-

modulation can be described as
?CBV /CBV ? "?CBF /CBF ?17% 21 [1]

where 2CBV/CBV and ?CBF/CBF are relative total CBV and CBF changes **. The similar
relationship was observed in rat brain during hypercapnia (see Fig. 2a) '°. Recently, Ito et 4.
measured relative CBF and CBV changes in human visual cortex during visual stimulation, and
found that the above relationship is also applicable to human stimulation studies . Thus,
change in total blood volume can be a good index of the CBF change. Change in total blood
volume can be measured by using contrast agents because contrast agents distribute in all
vascular system.  Since venous blood volume constitutes of 75% of the total blood volume *°, it
is conceivable that the venous blood volume change is dominant. However, based on separate
measurements of arterial and venous blood volume changes during hypercapnia by a novel *°F
NMR technique and video-microscopy, a relative change in venous blood volume is
approximately a half of the relative total CBV change induced by rigorous dilation of arterial

vessals (see Fig. 2b) °.
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In the context of BOLD contrast, only venous blood can contribute to activation-induced
susceptibility changes since venous blood contains deoxyhemoglobin. The venous oxygenation
level is dependent on a mismatch between oxygen supply by CBF and oxygen utilization in
tissue. Assuming an arterial oxygen saturation of 1.0, the relative change of venous oxygenation
level (Y) can be determined from the relative changes of both CBF and CMRO3 in the following
manner *:

o 5 5 5 ?Y 512 :?CMROZICMROZ?l:-? 5 5 5 o

1?Y =~ PCBF/CBF ?1?

From Eq. [2], arelative change in CMRO- can be obtained from information of relative CBF and
Y changes. It is aso important to recognize that relationship between oxygenation change and

blood flow change is linear at low CBF changes *®*°, but non linear at very high CBF changes %

21

1.3. Functional Imaging Contrasts
MRI signal in a given voxel can be described as a vector sum of signals from different
compartments. Thus, MRI sgnd intensty is

$? 9 So, fn(T,*) (T, *) 3]

where S, is the spin density of compartment i in a given voxel, and T;i* and Ty* are apparent
longitudinal and transverse relaxation times of compartment i, respectively. Thus, the signa
change can be induced by a change in spin density, Ti*, and/or T,*. Changes in T;* can be
induced by CBF changes and changes in T,* can be induced by modulation in paramagnetic

contents.
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1.3.1. T;-weighted fMRI

An inflow effect into the region of interest will shorten apparent T;. Using this property,
time-of-flight angiographic images can be obtained. When the inflow time is relatively long
such as one second, the inflow effect exists not only in arterial vessels and in capillaries and
surrounding tissue. Thus, CBF can be measured norrinvasively using arterial water as a
perfusion tracer 222/, The general principle behind the arterial spin labeling (ASL) techniquesiis
to differentiate the net magnetization of endogenous arterial water flowing proximaly to the
region of interest from the net magnetization of tissue. Labeled spins by RF pulse(s) move into
capillaries in the imaging slice and exchange with tissue water spins. These techniques include
continuous arterial spin tagging 22, flow-sensitive alternating inversion recovery (FAIR) 2%, and

various other techniques 2°%.

In all of these techniques, two images are acquired, one with
arterial spin labeling and the other without labeling. Among many available techniques, the
FAIR is most widely utilized because of its simple implementation. Two IR images are acquired
in FAIR; one with a nonslice-selective inversion pulse and the other with a slice-selective
inversion pulse. The longitudinal magnetization following a non-selective inversion pulse and a
dice-selective inversion pulse recover by Ry (=1/T1) and R, (=U/Ty"), respectively, where R* is
equal to Ry + CBF/??here ? is the tissue-blood partition coefficient ((g water/g tissue)/(g
water/ml blood)). Figure 3 shows hypothetical relaxation recovery curves after the inversion
pulse with and without the inflow effect. CBF can be estimated by determinations of T; and T;*.
In functional activation studies, two IR images are alternately and repeatedly acquired during

both control and task periods. Then the differences between each pair of dlice-selective and non

selective IR images are cal culated during control periods (?Scont) and stimulation periods (?Sg).
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Relative CBF changes during task periods can be described as CBF¢/CBFcont = ?Sst/? Scont
where CBF g and CBFcont are the CBF during task and control periods, respectively. Functional

brain mapping has been successfully obtained during motor, vision and cognitive tasks (see
Figure 4 for finger movements). Relative CBF changes measured by FAIR agree extremely
with those measured by KO positron emission tomography (PET) in the same region and
subject during the identical stimulation task 2°. Thus, the perfusionweighted MRI technique is
an excellent approach to detect relative CBF changes induced by neural activity or other external
perturbations. Further, since small arterioles and capillaries are very close to neuronally active
tissue, it is expected that tissue-specific CBF signal improves a spatial specificity of functional
images. Figure 5 demonstrates the signal specificity of the perfusionweighted fMRI technique
in an anesthetized cat during single-orientation stimuli. Based on previous 2-DG glucose studies
30 CMRglu maps showed patchy, irregular columnar structures with an average inter-column
distance of 1.1-1.4 mm. CBF-based fMRI maps showed similar activation patterns and inter-
cluster distance, suggesting that the CBF response is specific to areas with metabolic increase L.
It should be noted that the sagittal sinus running between two hemispheres does not show signal
changes in CBF-based studies, contrary to conventional BOLD measurements, which has

showed the largest signdl change in the draining sagittal sinus 3% 3.

Although perfusion-based approaches can be utilized for fMRI studies, there are many
shortcomings. First, large vascular contribution exists because labeled blood fill up arteria
vasculature before it travels into capillaries (see also Figure 10) 3*. This arteria vascular
contribution can be reduced by using spin-echo data collection (see Fig. 10) or eliminated using

bipolar gradients, but this reduces SNR of perfusionweighted images. Since the dilation of
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| 1 we did not find activation at large vessel areas *°. Thus, for

large arterial vessels is smal
mapping purpose, it may not be necessary to remove large vessal contributions (see Fig. 5).

Second, the proper perfusion contrast is only achieved when enough time is alowed for the
labeled arterial spins to travel into the region of interest and exchange with tissue spins. This
makes it difficult to detect changes in CBF with a temporal resolution greater than T, of arterial
blood, resulting in ineffective signal averaging. Third, in multi-slice application, transit times to
different slices are different, which may cause errorsin quantification of relative CBF changes %®
36 Reative CBF changes measured by multi-slice FAIR agree extremely with those measured
by H,*®O positron emission tomography (PET), suggesting that the change in transit time is not a

sgnificant confound 2°.

1.3.2. To* and T»-based fMRI

It is well known that, with typica fMRI acquisition parameters, the BOLD response is
particularly sensitive in and around large draining veins because the BOLD effect is sensitive to

baseline venous blood volume, and to vessel size 1" %'

. To understand the spatial resolution of
BOLD-based fMRI, it is important to examine the anatomical source of the BOLD signal. The
BOLD contrast induced by dHb arises from both intravascular (IV) and extravascular (EV)
components. Since the exchange of water between these two compartments (typical lifetime of

the water in capillaries > 500msec) is relatively slower compared with the imaging time (echo

time < 100 ms), MRI signals from these are treated as separate pools.

3.2.1 Intravascular Component



Chapter 1. Principles of BOLD fMRI 10

During fMRI measurements, water rapidly exchanges between red blood cells (RBC)
with paramagnetic dHb and plasma (average water residence time in RBCs = ~5 ms) and move
aong space with different fields by diffusion (e.g., diffusion distance (i.e, (6?diffusion
constant?diffusion time)Y?) during ~50 ms measurement time = ~17 ?m with diffusion constant
of ~1 ?nf/ms). Thus, ‘dynamic’ (time irreversible) averaging occurs over the many different
fields induced by dHb. All water molecules inside the vessel will experience the similar
‘dynamic averaging’, resulting in reduction of T, of blood water in the venous pool. A
transverse relaxation rate of blood water is affected by exchange of water and diffusion. In both
cases, blood T, can be written as

UT, = Ao + K(1-Y)? [4]
where A, is afield independent constant term and K would scale quadratically with the magnetic
field and depend also on the echo time used in a spin echo measurement . T, of blood water at
15T is ~127 ms for Y= 0.6 %, while T is~12-15msa 7T ¥ ® and 5msat 9.4 T **. These
experimental values are consistent with predictions based on EqQ. [4]. T, valuesof gray matter
water at 15T, 7T, and 9.4 T are 90 ms *2, 55 ms “°, and 40 ms **, respectively. When spin-echo
time is set to T, of gray matter, it is evident that the blood contribution to MRI signal decreases

dramétically when magnetic fidld increases.

In addition to the T, change induced by deoxyhemoglobin, frequency shift is observed.
When a blood vessdl is considered as an infinite cylinder?frequency shift ?? induced by dHb
within and around the vessel is depicted at Fig. 6. It should be noted that frequency and
magnetic field are interchangeable because ? ?7B where ? is the gyromagnetic ratio and B is the

magnetic field. Insde the blood vessd, the frequency shift will be expressed by ? ?
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?22in = 2222571-Y)? o(cos>?-1/3) [5]

where ??-4s the maximum susceptibility difference between fully oxygenated and fully
deoxygenated blood, Y is the fraction of oxygenation in venous blood, ?, is the applied magnetic
field of magnet in frequency units ?, = Bo), and ?%s the angle between the applied magnetic
field (Bo) and vessel orientation. ??-4s dependent on a hematocrit level. Assuming a hematocrit
level of 0.38 and the susceptibility difference between 100% oxyhemoglobin and 100% dHb of
0.27 ppm 8, 2?2»in whole blood is 0.1 ppm. In a given voxel, many vessals with different
orientations exist. Rather than inducing a net phase shift, the random orientations cause a phase
dispersion, therefore causing a reduction in T,*. However, a very large vessel will have its own

phase depending on oxygenation level and orientation. Using this property, Haacke and his

colleagues determined a venous oxygenation level *® from a vessel that they determined to be

perpendicular to By.

1.3.2.2. Extravascular Component
At any location outside the blood vessdl, the frequency shift can be described by
220wt = 2?2222 PL-Y 7R o(alr)*(sn’?)(cos2?? [6]
where a is the radius of blood vessdl, r is the distance from the point of interest to the center of

the blood vessel, and ??s the angle between r and plane defined by B, and the vessdl axis. The

dephasing effect is dependent on the orientation of vessal. Vessels running paralel to the

magnetic field do not have the EV effect, while those orthogonal to Bo will have the maximal
effect (see Fig. 7). At the lumen of vessels (r = a), ?? oyeisidentica and independent of vessel

szes. At r = 5a, the susceptibility effect is 4% of the maximally available ?? . The same
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frequency shift will be observed at 15 ?m around a 3-?m radius capillary and 150 ?m around a
30-?m radius venule (see Fig. 8). This shows that the dephasing effect around a larger vessdl is
more spatially extensive because of a smaller susceptibility gradient. The EV contribution from
large vessels to conventional BOLD signal is significant, regardless of magnetic field strength **.
During echo time for fMRI studies (e.g., ~50 ms), water molecules diffuse ~17 ?m, which covers
a space with the entire range of susceptibility effects around the 3-?m radius capillary, but with a
small range of static susceptibility effects around the 30-?m radius venule. Thus, tissue water
around capillaries will be ‘dynamically’ averaged over the many different fields (i.e,, no net
phase change like the IV component). However, because tissue water around large vessels will
be locally averaged during an echo time, the static dephasing effect is dominant (see small circles
with dephasing information in Figure 8). The dephasing effect around large vessels can be
refocused by the 180? RF pulse. Therefore, the EV contribution of large vessls can be reduced

by usng the spin-echo technique (see Fig. 7).

In a given voxel, MRI signa intensity with dephasing effects (i.e., frequency shifts)
induced by numerous vessels will be summed, resulting in a decrease in T,* and a decrease in

MRI sgnd. Signd in the voxed can be described, according to equation

QTE) r) ? S)ie?TE/TZie?i? TE [7]

where the summation is performed over the parameter i, which designates small volume
elements within the voxel (e.g., hypothetically a volume with a small circle with phase shift); the
time-averaged magnetic field experienced within these small volume elements.  ?;TE indicates

the phase shift of location i at echo time TE. This signal loss occurs from “ static averaging” .
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If the variation ?; within the voxel is relatively large, signa will be decayed approximately with
a single exponential time constant T,*. Based on Monte Carlo simulation, the dephasing effect
within a voxel can be simplified into R’ (in order to separate measured R* = intrinsic R; + Ry’

induced by contrast agent) change as

Ry 77?2 TBV??2,2,?21-Y)7? [8]

where ? ?2and 7are constants > %%,

The power term ?4s 1.0 for ‘static’ averaging domain and
2.0 for time-irreversible averaging domain " ** % All venous vessels will have a power term of
1.0 — 2.0; ?7s1.0 — 2.0 for the gradient-echo sequence, and 1.5-2.0 for spin-echo sequence 174
4 If diffusionrelated travel distance of water molecules during echo time is sufficient to
effectively average frequency shifts (also related to magnetic field), ?2ill be 2.0. Thus, a longer
echo time (i.e., longer diffusion distance) and a higher magnetic field (i.e., large susceptibility
gradient) will reduce a vessel size for dynamic averaging. Figure 9 shows the R’ dependency
on vessel size and frequency shift, which was obtained from Monte Carlo smulation with CBV
of 2% and echo time of 40 ms. R’ increases linearly with venous CBV 7. Frequency shift at Y
=01is40 Hz at 1.5T and 107 Hz a 4T. Let's examine vessels with 3 ?m and 30 ?m radii.
When a frequency shift increases from 32 to 64 Hz (due to an increase in magnetic field and/or a
decrease in oxygenation level), Ry* values of 3?m and 30 ?m radius vessels change from 1.2 to
3.5sect and from 2.8 to 6.0 sec™?, respectively. A power term ?2will be 1.5 for a3 ?m vessel and
1.1 for a30 ?m vessel, showing that a smaller size vessel is more sensitive to the frequency shift
(such asinduced by magnetic field). Spin-echo and gradient-echo BOLD signal changes in a
function of vessel size can be seen in Fig. 94°. At capillaries, achangein R, is similar to that of

R>*. However, when vessdl size increases above 5-8 ?m diameter (which is related to diffusion

time and susceptibility gradient), R change is reduced, but R* change remains high. Thus,
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spirnrecho BOLD signals predominantly originate from small-size vessels including capillaries,

while gradient-echo BOLD signals dominate from large draining veins

1.3.2.3. Spin-echo vs. Gradient-echo BOLD

As we discussed aready, gradient-echo BOLD signals consist of EV and IV components
of venous vessels, regardless of the vessal size (see Fig. 10). Spin echo refocuses the dephasing
effect around large vessels, and thus the spinrecho BOLD image contains the EV effect of
vessels with time-irreversible diffusion effect (i.e., small-size vessdl) and the IV component of
all sizes of vessels. It isimportant to differentiate parenchyma signals (see a green rectangular
box) from large vessel signals because the venous vasculature including large draining veins can
be distant from the site of elevated neuronal activity (see also Fig. 10) 3 *”°. Dilution by blood
draining from “inactive” areas should ultimately diminish this nonspecific draining-vein effect
and thus limit its extent; however, before this occurs, substantial less-specific “activation” can be
generated °1. Therefore, it is important to minimize draining-vein signals from both intravascular

and extravascular contributions for high-resolution studies.

The IV component can be reduced by setting an echo time of >3T,* or 3T, of blood.
Thus, at ultrahigh fields, the IV component can be significantly reduced because venous blood
To>*/T, decreases faster than tissue T>*/T, when magnetic field increases. The IV contribution to
the BOLD responses can be examined using bipolar gradients ®2. These gradients induce
velocity-dependent phase shifts in the presence of flow and consequently suppress signals from
blood because of inhomogeneous velocities within a vessel and the presence of blood vessels of

different orientations within avoxel. Based on bipolar studies, the BOLD fMRI signalsat 1.5 T
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originate predominantly from the IV component (70-90%) ** 53 >* while those at 7T and 9.4T
come predominantly from the EV component (see Fig. 11) *» **. When bipolar gradients
increased to > 400 mn?, relative percent BOLD signal change maintained constant, even
though signal intensity decreased. With relatively high sensitivity of spinrecho BOLD at high

fidds, high-resolution functional maps can be obtained from human brain at 7T (see Fig. 11).

After removing the IV component in the BOLD signal, the EV component remains. In
gradient-echo BOLD fMRI, the EV effect around large vessels is linearly dependent on magnetic
field, while the EV effect around small vessels is supralinearly dependent on magnetic field.
Even at 9.4T, the EV effect around large vessals is significant. In spin-echo BOLD fMRI, the EV
effect around small vessels is supra-linearly dependent on magnetic field, while that around large
vessels is minimized. Thus, the spinecho technique is more specific to parenchyma than
gradient-echo BOLD fMRI. However, since the dephasing effect around vessels is refocused,
the sensitivity of spinrecho BOLD signal is significantly reduced. For example, ? Ry/?Ry* is 0.3
— 0.4 a 15T **° and also at 9.4T %!. Even if respective optimized echo times are used for
gradient-echo and spinrecho BOLD fMRI, the gradient-echo BOLD technique provides the
higher signal change even at 9.4T. For most applications of the BOLD technique, the gradient-
echo BOLD technique is the choice of tools because of high senstivity even if its spatia

Specificity compromises.

1.4. Contrast-to-noise Ratio
Important consideration of fMRI is contrast-to- noise ratio (neural activity-induced signal

change relative to signa fluctuation). Increase of neura activity-induced MRI signal and
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decrease of noise are important aspects for high-resolution fMRI. Neural activity-induced signa
is dependent on both image contrast and imaging techniques used for fMRI. In the T,*-based

measurements, the sgna change induced by neurd activity (?S) can be described by

252275, 7R 21! [9]
where ? is the fraction of a voxel that is active, Sont IS the signal intensity during the control
period, TE is the echo time, and ? R>* is the change in the apparent transverse relaxation rate in
the active partial volume. Signal change is maximal when a gradient echo time is set to To* of
tissue at resting conditions. When spin echo imaging techniques are used, ?Rx>* is replaced by
?R,. ?Ry* isequivaent to ?R, + ?Ry’ where ?R;’ is the relaxation rate induced by local
inhomogenous magnetic fields. ?S for spinrecho BOLD fMRI will be maximal by setting TE of
T, of tissue. In CBF-based techniques, TE?R,* is subgtituted by TI?R;* where Tl is the spin
labeling time (i.e., the inversion time for pulsed labeling methods), and ?R;* is the change in the
apparent longitudinal relaxation rate. ?S is maximized by setting Tl of T, of tissue. In any
techniques, contribution of large vessels increases ?S. Depending on constraints of spatial
gpecificity for each measurement, the technique with the highest ?S should be chosen. Since
contribution of small intracortical veinsis likely localized within 1.5 mm to the site of activation
®8 contribution of small veins can improve SNR for supramillimeter spatial resolution. In typical
fMRI studies with supramillimeter spatial resolution, the removal of only large suface arteries

and veins may be necessary.

Sources of noise include random white noise, physiological fluctuations, bulk head
motion, and system instability if exists. Random noise is independent between voxels, while

other noise sources may be coherent among voxels, resulting in spatial and temporal correlation.
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In fMRI, coherent noises are the major source of signa fluctuation. Bulk head motion can be

eliminated by head holders. Physiological motion, which is mainly due to respiration and cardiac

pulsation, can be minimized by gating data acquisition and/or reduced by post- processing °° ©°.

1.5. Spatial and Temporal Resolution of fMRI

1.5.1. Spatial Resolution

Spatial resolution of high-resolution fMRI is dependent on SNR ard intrinsic
hemodynamic response. The intrinsic limit of spatial specificity of hemodynamic-based fMRI
can be dependent on how finely CBF is regulated. It has been suggested, based on optical
imaging studies, that CBF regulation is widespread beyond neuronally active areas ®*. However,
recent studies suggest that intrinsic CBF changes are specific to sub-millimeter functional
domains 3. Especidly, the highest CBF change was observed in the middle of the rat
somatosensory cortex, cortical layer IV, not at the surface of the cortex during somatosensory

stimulation % 2,

This observation is consistent with invasive 2DG and *C-iodoantipyrine
autoradiographic studies in the barrel cortex ®. To further examine the specificity of CBF
response, the perfusion-based FAIR technique has been utilized 2. From this study, we found
that CBF is regulated to sub-millimeter columnar and laminar-specific functional domains - 3%,
Among the available hemodynamic fMRI approaches, the CBF-based signal is the most specific
to neuronal active sites because most of signals originate from tissue and capillaries. Tissue-

specific BOLD signal without large vessel contribution will have a similar spatial specificity to

the CBF-weighted signd 2.

1.5.2. Temporal Resolution
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Since hemodynamic responses are sluggish, it is difficult to obtain very high temporal
resolution even if images can be obtained rapidly. Typically, hemodynamic signal changes are
observed at 1-2 seconds after onset of neural stimulation and reaches maximum at 4 — 8 seconds
(see Fig. 12). The exact time of neural activity from hemodynamic responses can not be easily
obtained because hemodynamic response varies depending on vascular structures (see Fig 12).
The important question is to determine sequential neural activities of different cortical regions or
pixels. If the hemodynamic response times in al regions and in all subjects were the same,
neuronal activities could be directly inferred from fMRI time courses. However, this may not be
true in al regions and in all subjects (see Fig. 12), and thus differences in fMRI time courses
may be simply related to intrinsic hemodynamic response time differences, hampering temporal
studies. Thus, temporal resolution of fMRI islimited. Alternative approaches to overcome these
problems have been proposed. To separate intrinsic hemodynamic differences from neura
activity differences, a time-resolved event-related fMRI technique can be utilized %4%". The idea
is to examine how fMRI parameters vary with behaviora correlates and thus requires multiple
behaviora outcome measures. Subsequently, temporal characteristics of fMRI responses can be
correlated with behavioral data such as response time. Differences in the underlying temporal
behavior of neuronal activity can be distinguished from hemodynamic response time variations
between subjects and brain areas (see a review article ®®). This approach allows the experimenter
to obtain higher temporal resolution. Dynamic fMRI studies can be feasible using standard

gradient-echo BOLD fMRI.
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1.6. Conclusions

Advancement of imaging technologies alows detections of various vascular
physiological parameters induced by neural activity. Fortunately, tissue-based hemodynamic
response is specific to neuronal active sites. Thus, spatial resolution of fMRI can be achieved up
to on an order of a column, allowing mapping column- and layer-specific neura activities. Since
hemodynamic response is slow, its temporal resolution can not be reached at a level of neural
activity time scale easily. By using an approach with multiple experiments with different
stimulus intervals or durations, tempora resolution can be improved up to on the order of 100

milliseconds.
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Figure captions

Figure 1. A schematic of fMRI signal changes induced by stimulation. Task/stimulation
increases neural activity, and increase metabolic (cerebral metabolic rate of oxygen) and vascular
responses (cerebral blood flow and volume). Increase in CBF enhances venous oxygenation
level, while increase in CMRO, decreases venous oxygenation level. Since an increase in CBF
exceeds an increase in CMRO-, venous oxygenation level increases. These vascular parameter
changes will modulate biophysical parameters. Increases in CBF and CBV increase R and R,
respectively, while decrease in dHb contents reduces R,. Changes in biophysical parameters

affect MRI sgnal changes.

Figure 2. Relationship between CBF and CBV in rat brain *°. CBF and CBV were measured
using arterial spin labeling and °F NMR after injection of blood substitute perflurocarbons
during hypercapnia. CBV values were normalized with the CBV vaue at normocapnia (CBF
=58 ml/100 g/min). (a) Relationship between CBF and total CBV. The change in total rCBV
was linearly correlated with the change in rCBF in a CBF range of 50 — 130 ml/100 g/min
(rCBV(total) / rCBF = 0.31). (b) Relationship between CBF and arterial/venous CBV. Arteria
and venous CBV can be separated by using diffusionweighted *°F NMR ©°. The contribution of

venous CBV changesto total CBV change is ~36%.

Figure 3. Hypothetical longitudina magnetization with and without inflow effect after

gpplication of an inverson pulse. Inflow effects relax spins fagter.
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Figure 4. CBF-weighted functiorel image during left finger movements °. To obtain the
perfusion contrast, flow direction (indicated by an up-arrow) has to be considered. Thus, 5 mm-
thick transverse planes were selected for CBF-based fMRI studies. The background image was
perfusionweighted; higher signal areas have higher inflow rates. Functional activity areas are
located at gray matter in the contralateral primary motor cortex indicated by a red arrow.
Interestingly, no large signal changes were observed at the edge of the brain, which was often

seen in conventional BOLD functiona maps.

Figure 5. Application of the CBF-based (FAIR) fMRI technique to isoflurane-anesthetized cat’s
orientation column mapping **. Moving gratings with black and white rectangular single-
orientation bars were used for visua stimulation. Unlike the conventiona BOLD technique,
CBF-weighted fMRI is specific to tissue, not draining vessels. More importantly, active clusters
are irregular and column-like based on the size of clusters and the interval between clusters.

Also, single-condition functional regions activated by two orthogonal orientation stimuli are
complementary. Scale bar = 1 mm; Color vertical bar =t value. Time course of activation areais
shown. Boxes underneath the time course indicate 1-min long stimulation periods. Typical CBF

change induced by visud stimulation ranges between 15 and 50%.

Figure 6. Diagram of a blood vessel and the parameters that determine the susceptibility effect
induced by deoxyhemoglobin irons in red blood cells at a distance r from the center of a vessd.
The vessel with aradius of a is oriented at angle ? from the main magnetic field B,. ? is the

angle between r and plane defined by B, and the vessd axis.
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Figure 7. Spinecho and gradient-echo image of a capillary filled with blood with
deoxyhemoglobin ’. Two different orientations were used. When vessel orientation is parallel to
Bo, no signal change outside the capillary was observed. But, when vessdl is orthogonal to B,

gradient-echo signa change outside the capillary was detected.

Figure 8. Extravascular dephasing effects from a 3 ?m radius capillary and a 30 ?m radius
venule. Magnitude of dephasing effect (dashed decay lines from vessels) is shown as a function
of distance. Hypothetical displacement of a water molecule is shown. Refocusing RF pulse in
the spin-echo sequence can not refocus dephasing effects around a small vessel because of

dynamic averaging, while it can refocus tatic dephasing (shown in averaged phasesin circles).

Figure 9. Ry* and R, changes as a function of vessel radius 1" “®. Monte Carlo simulation was

performed to calculate R* change induced by three frequency shifts®’.

Figure 10. Intravascular and extravascular signal contributions to perfusion and BOLD signals
1 In perfusionweighted images, the IV component of all arterial vessels (red color) and EV
component (black) of capillaries will constitue. When spin-echo data collection is used, spinsin
large vessels will not be refocused, removing very large arteries contribution. Further removal
can be achieved by using bipolar flow-crushing gradients. In BOLD images, IV (blue color) and
EV (black) components of al sizes venous vessels will contribute when gradient-echo data
collection is used. When spin-echo data collection is utilized, EV effect of large vessels can be

minimized. Spatial heterogeneity of vascular distributions exists; in some pixels, large vessels

are dominant, while some pixels contain mostly capillaries. When neural activity occurs at tissue
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level, demarked by a green rectangle, only capillary-level signal change will locate the actual
neura activity area. Containing large vessels will misleadingly deviate activation to nonspecific

vessH area.

Figure 11. Spinecho BOLD based fMRI a 94T and 7T ** . (top) An ?-chlorase
anesthetized rat was used for somatosensory forelimb stimulation. Color indicates a cross-
correlation value. Localized activation is observed at the forelimb S1. fMRI time courses of
spin-echo BOLD signa in the primary somatosensory region. To investigate the IV component,
flow-crushing gradients (in a unit of b value) were used. The higher b value will result in the
more reduction of the moving blood signal. If the IV component is significant, we expect a
much lower BOLD signal change when a larger b value is used. However, we did not observe
any reduction of relative BOLD signals, suggesting that spin-echo BOLD signal does not contain
asignificant IV component. Somatosensory stimulation was performed during image number 20
to 29. (bottom) High-resolution spin-echo BOLD image was obtained from human during visud
stimulation at 7T. At high fields, sensitivity of SE BOLD signal is sufficient for high-resolution

mapping of human brain.  Spdtid resolutionis1 mmx 1 mm x 2 mm.

Figure 12. Heterogeneity of hemodynamic responses ’*. Delay time of T*-weighted fMRI
signa changes was obtained in the motor cortical areas. 2-sec bilateral finger movements were
performed at 3 T. Although average delay timeis ~ 1 sec, there is alarge variation in delay time
shown in color map as well as histogram. In histogram and the delay map, relative
hemodynamic delay time (not actual delay time) was calculated, which means average of al

delay times of O sec.
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